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Abstract Crystallinemolybdatethinﬁlmswerepreparedby
the complex polymerization method. The AMoO4 (A = Ca,
Sr, Ba) ﬁlms were deposited onto Si wafers by the spinning
technique. The Mo–O bond in the AMoO4 structure was
conﬁrmed by FTIR spectra. X-ray diffraction revealed the
presence of crystalline scheelite-type phase. The mass, size,
and basicity of A
2+ cations was found to be dependent
on the intrinsic characteristics of the materials. The grain
size increased in the following order: CaMoO4\SrMoO4\
BaMoO4. The emission band wavelength was detected at
around 576 nm. Our ﬁndings suggest that the material’s
morphologyandphotoluminescencewerebothaffectedbythe
variations in cations (Ca, Sr, or Ba) and in the thermal
treatment.
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Introduction
Molybdates with scheelite-type structures (tetragonal C6
4h
symmetry) are able to produce green luminescence. These
compounds have attracted much attention due to their
application as phosphors and as scintillating materials in
electrooptical applications like solid-state lasers and optical
ﬁbers [1, 2].
Molybdates thin ﬁlms have a wide variety of applica-
tions in electronics, optics, ionics, and anticorrosive
coatings. A great deal of interest has focused on the
preparation of molybdate thin ﬁlms due to their optical
properties and nanometric scale [3–6].
BaMO4 (BMO), SrMO4 (SMO), and CaMO4 (CMO)
powders with a scheelite structure have been synthesized by
a variety of techniques, including combustion synthesis, the
Czochralski technique, co-precipitation by conventional
solid-statereaction,andthecomplexpolymerizationmethod
(CPM) [1, 5–9]. However, references in the literature about
the synthesis of AMoO4 (AMO) thin ﬁlms are rare and the
most commonly cited method is the electrochemical route
[3,10–12].Theelectrochemicalmethodislimitedbecauseit
uses only Mo substrates to prepare AMO ﬁlms [13].
Another limitation of the electrochemical method is its
lack of homogeneity. BMO thin ﬁlms produced by an
electrochemical method showed a heterogeneous surface
and grain sizes varying from 2 to 10 lm[ 12]. When the
CPM is used, the metal complexes become immobilized in
a rigid organic polymeric network, reducing the segrega-
tion of particular metals and thus ensuring compositional
homogeneity on a molecular scale [6]. The additional
advantage of CPM is that it does not require expensive
equipment or reagents, deposition in high vacuum cham-
bers or special atmospheric control.
The [MoO4]
2- ionic group in the AMO scheelite
structure, which has strong covalent Mo
_O bonds, is cou-
pled to Ca
2+,S r
2+,o rB a
2+ cations [4–7]. Many authors
attribute the photoluminescent property in these materials
to the MoO4
2- cluster and its possible intermediary states
(MoO4OMoO3, MoO4O MoO4)[ 5–7, 14]. Because
the property of photoluminescence (PL) is associated with
distortion in tetrahedra, it is reasonable to assume that PL
can be affected by metallic cations.
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DOI 10.1007/s11671-008-9129-1In the present work, we evaluated the effects on molyb-
date thin ﬁlms resulting from variations in the metallic
cations and thermal treatment. Crystalline AMO thin ﬁlms
were prepared by the CPM, and were characterized by var-
ious techniques, such as X-ray diffraction (XRD), optical
reﬂectance spectroscopy (ORS), Fourier transform infrared
reﬂectance (FTIR), atomic force microscopy (AFM), high-
resolution scanning electron microscopy (HR-SEM), and
photoluminescence spectroscopy (PLS).
Experimental Procedure
Materials
The materials used in this study were molybdenum trioxide
MoO3 (Synth 85%), BaCO3, SrCO3, and BaCO3 (Mal-
linckrodt 99%), citric acid (H3C6H5O7) (Mallinckrodt 99%)
and ethylene glycol (HOCH2CH2OH) (J. T. Baker 99%).
All the chemicals were used without further puriﬁcation.
Preparation of AMO Thin Films (A = Ca
2+,S r
2+,B a
2+)
AMO thin ﬁlms were produced by deposition of the poly-
meric resin obtained by CPM onto Si substrates. In this
synthesis,themolybdenumcitratewasformedbydissolving
molybdic acid (MoO3—molybdenum trioxide) in an aque-
oussolutionofcitricacidunderconstantstirringat60–80 C
to homogenize the molybdenum citrate solution (the molar
ratio of citric acid to molybdic acid was 6:1). The solution
was homogenized, after which the metallic carbonate (Ca
2+,
Sr
2+, and Ba
2+) was dissolved and a stoichiometric amount
added tothe molybdenum citrate solution. The complexwas
stirredthoroughlyforseveralhoursat60–80 Ctoproducea
clear and homogeneous solution. Ethylene glycol was then
added to polymerize the citrate by polyesteriﬁcation. The
viscosityofthesolutionincreasedundercontinualheatingat
80–90 C, although no phase separation was detected. The
molar ratio of metallic cations to molybdenum cations was
1:1. The citric acid/ethylene glycol mass ratio was set at
60:40. The viscosity of the deposition solution was adjusted
to 15 mPa/s by controlling the water content.
A total of six thin ﬁlms were produced using Si(100)
wafers as substrates. The substrates were spin-coated by
dropping a small amount of the polymeric resin onto them.
Rotation speed and spin time were ﬁxed at 700 rpm for 3 s
and 7200 rpm for 30 s, using a commercial spinner (Che-
mat Technology KW-4B spin-coater). After deposition,
the ﬁlms were heat-treated at 80 C for 30 min, 100 C
for 20 min and 200 C for 2 h, applying a heating rate of
1 C/min. Four layers were deposited and the procedure
was repeated for each layer. In the last layer, after the
heat treatment at 200 C, two different crystallization
procedures were applied, one involving heat treatments at
600 C for 2 h in a resistance furnace (RF) and the other at
600 C for 10 min in a microwave (MW) oven.
Characterization of AMO Thin Films
The AMO thin ﬁlms were characterized by XRD, using Cu
Ka radiation to determine the resulting phases. The optical
reﬂectance was measured in the wavelength range of 200–
800 nm, using a UV–vis–NIR Cary 5G spectrophotometer.
Fourier transform infrared reﬂectance spectra for thin ﬁlms
were recorded in the frequency range of 400–2100 cm
-1 at
room temperature, using an Equinox/55 (Bruker) spec-
trometerequippedwitha30specularreﬂectanceaccessory.
A reconstructed 3D image of the surface of the sample was
obtainedbyatomicforcemicroscopy(AFM),usingaDigital
Instruments Multi-Mode Nanoscope IIIa microscope. This
typeofimageallowsforaccurateanalysisandquantiﬁcation
of highly relevant parameters such as roughness and grain
size. The microstructure and surface morphology of the thin
ﬁlms were observed by high resolution scanning electron
microscopy (HR-SEM),usingaﬁeld emissiongun (Gemini-
Zeiss Supra35). Photoluminescence spectra of AMO thin
ﬁlms were recorded with a Jobin Yvon-Fluorolog spectro-
ﬂuorometer coupled to a 450 W xenon lamp. All the
measurements were taken at room temperature.
Results and Discussion
Figure 1 shows X-ray patterns of AMO thin ﬁlms depos-
ited onto Si substrates after heat treatment at 600 C in the
Fig. 1 X-ray diffraction patterns of AMO thin ﬁlms deposited on
Si(100) and heat-treated at 600 C for 10 min in a MW oven and for
2 h in a RF. CMO-MW (a), CMO-RF (b), SMO-MW (c), SMO-RF
(d), BMO-MW (e), and BMO-RF (f)
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123RF and MW oven. The diffraction peak (112) (100% peak),
2h at around 28.8, indicated the formation of crystalline
scheelite-type phase. The diffraction peaks were indexed
according to the JCPDS data base nos. 29–0193, 08–0482
and 29–0351 for the BaMoO4, SrMoO4, and CaMoO4 thin
ﬁlms, respectively, conﬁrming the sole presence of schee-
lite phase in all the thin ﬁlms [1, 15, 16]. In both CaMoO4
thin ﬁlms, the diffraction peak (112) occurred in the same
2h region of Si substrate, 2h at around 28.8, thus indi-
cating the occurrence of overlapping. However, the other
diffraction peaks conﬁrm the formation of the desired
phase. The lattice parameters of the thin ﬁlms were esti-
mated by the least-squares reﬁnement program REDE93
and are presented in Table 1. These values are highly
congruent with others reported in the literature [15]. We
conﬁrmed that the lattice parameters a and c, the cell
volume and the unit-cell parameters of AMO decreased
linearly as the ionic radius of the cations decreased. The
ionic radius of Ca
2+ (0.120 nm) is smaller than those of
Sr
2+ and Ba
2+ (0.132 and 0.149 nm, respectively). This
difference led to lattice parameters that were low for CMO,
intermediary for SMO and high for BMO thin ﬁlms.
Figure 2 shows FTIR spectra and Table 2 presents data
on the F2(m3) vibrations of crystalline AMO thin ﬁlms.
The tetrahedral symmetry is represented by: CTd = A1
(m1) + E(m2) + F2(m3) + F2(m4), but only the F2(m3, m4)
modes are active in infrared. The F2(m3) vibrations are
antisymmetric stretches, whereas the F2(m4) vibrations are
bending modes. Therefore, the bands between 820 and
796 cm
-1 were assigned to F2(m3) antisymmetric stretching
vibrations of thin ﬁlms heat-treated at 600 C. These bands
reportedly correspond to the Mo–O stretching vibration in
the MoO4
2- tetrahedron [17]. In this work, we found that
the F2(m3) antisymmetric stretching vibrations occurred in
the following order: Ca
2+\Sr
2+\Ba
2+. This observation
is congruent with that of Basiev et al., who reported the
dependence of the vibrational spectra of scheelite crystals
on the mass, size, and basicity of A
2+ cations [4]. Basiev
identiﬁed this dependence by Raman spectroscopy, and in
this work we observed it by IR spectroscopy.
Figures 3 and 4 show HR-SEM micrographs of the cross
section and surface, respectively, of AMO thin ﬁlms. The
Table 1 Lattice constants and cell volume of the tetragonal structure of AMO thin ﬁlms
Thin ﬁlms Lattice constants (A ˚)[ 15] Lattice constants (A ˚)
a Cell volume
(A ˚ 3)[ 15]
Cell volume
(A ˚ 3)
a
ac a c
BMO
RF 5.580 12.821 5.582 (2) 12.775 (8) 399.20 398.06
BMO
MW 5.580 12.821 5.580 (5) 12.816 (23) 399.20 399.04
SMO
RF 5.394 12.020 5.395 (3) 12.045 (15) 349.72 350.58
SMO
MW 5.394 12.020 5.390 (1) 12.012 (5) 349.72 348.97
CMO
RF 5.226 11.430 5.223 (11) 11.397 (36) 312.17 310.91
CMO
MW 5.226 11.430 5.219 (2) 11.422 (6) 312.17 311.11
a Our data
RF AMO thin ﬁlm heat-treated at 600 C/2 h in resistive furnace
MW AMO thin ﬁlm heat-treated at 600 C/10 min in MV
Fig. 2 FTIR spectra of AMO thin ﬁlms: CMO-MW (a), CMO-RF
(b), SMO-MW (c), SMO-RF (d), BMO-MW (e), and BMO-RF (f)
Table 2 F2(m3) vibration in FTIR absorption spectra of AMO thin
ﬁlms
Thin ﬁlms Vibrations F2(m3) (cm
-1)
BMO
RF 820
BMO
MW 809
SMO
RF 808
SMO
MW 804
CMO
RF 796
CMO
MW 798
RF AMO thin ﬁlm heat-treated at 600 C/2 h in resistive furnace
MW AMO thin ﬁlm heat-treated at 600 C/10 min in MV
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123Fig. 3 HR-SEM micrograph showing the thickness of AMO thin ﬁlms: CMO-MW (a), SMO-MW (b), BMO-MW (c), and BMO-RF (d)
Fig. 4 HR-SEM micrograph of the surface of AMO thin ﬁlms: CMO-MW (a) CMO-RF (b), SMO-MW (c), SMO-RF (d), BMO-MW (e), and
BMO-RF (f)
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123BMO thin ﬁlms treated at 600 C for 2 h in the RF were
about 484 nm thick, while the SMO ﬁlms were 109 nm
thick. The BMO, SMO, and CMO thin ﬁlms treated at
600 C for 10 min in the MW oven showed thicknesses of
about 164, 129, and 107 nm, respectively. The thickness of
the CMO thin ﬁlm heat-treated in the MW oven was esti-
mated, since the material had to be coated with a gold layer
before taking this measurement.
As can be seen in Fig. 4, the thin ﬁlms heat-treated in
the RF and the MW showed distinct morphologies. The
thin ﬁlm heat-treated in the MW tended to be continuous,
while the ﬁlm treated in the RF tended to form nanoislands.
This is probably because the temperature in the RF rises
more slowly than in the MW. The slow increase in tem-
perature facilitates shrinking of the polymeric resin on the
substrate surface, giving rise to nanoisland structures.
Because the nanoisland structures were extremely thin, it
was difﬁcult to see the thickness of thin ﬁlms heat-treated
in the RF, and we were unable to ascertain the thickness of
the CaMoO4 thin ﬁlm heat-treated in the RF.
The micrographs indicate that the thickness, grain size,
and type of morphology are dependent on the metallic
cations and the heat treatment history. The lattice constants
and cell volume of the tetragonal structure of AMO thin
ﬁlms revealed by X-ray diffraction decreased linearly
with a diminishing ionic radius. Therefore, the grain size
is expected to increase in the following order: CMO\
SMO\BMO. As expected, the grain sizes were about
78.38, 83.18, and 133.25 nm, respectively, for CMO,
SMO, and BMO thin ﬁlms. The thickness proved to be
dependent on the grain size; therefore, it followed the same
order of growth. The morphological structure was devoid
of cracks, homogeneous, and distinct in all the ﬁlms.
The AFM analysis (Fig. 5) showed that the morphology
of the thin ﬁlms was homogenous, with BMO, SMO, and
CMO showing grain sizes of about 300, 190, and 170 nm,
respectively, which is congruent with the characteristics
depicted in the HR-SEM micrographs (Fig. 4). The SMO
thin ﬁlms displayed the lowest roughness, i.e., about
108 nm, which was expected because of the continuous
surface morphology of these ﬁlms. The CMO ﬁlms showed
the highest roughness, i.e., about 349 nm, because of their
nanoisland structure, which increased their roughness. The
BMO thin ﬁlms showed a roughness of about 213 nm.
Figure 6 depicts reﬂectivity spectra recorded in the
range of 2.0–6.0 eV for the AMO thin ﬁlms, showing two
bands, one near 3.38 (367 nm) and the other at 4.38 eV
(283 nm). Spassky et al. attributed the band at 4.38 eV to
electronic transitions within the MoO4
2- complex. The
band observed at around 3.38 eV corresponds to the crea-
tion of the excitonic state in A
2+, where A = Ba, Sr, or Ca
[9].
Figure 7 illustrates PL spectra of the crystalline AMO
thin ﬁlms recorded at room temperature. The samples were
excited by the 330 nm line of a 450 W xenon lamp. The
band emission wavelength of the AMO thin ﬁlms was
located at about 576 nm. The solely green emission is an
Fig. 5 AFM 3D images of the
surfaces of SMO-RF (a) and
CMO-MW (b)
Fig. 6 Reﬂectivity spectra of AMO thin ﬁlms recorded in the range
of 2.0–6.0 eV: CMO-MW (a) CMO-RF (b), SMO-MW (c), SMO-RF
(d), BMO-MW (e), and BMO-RF (f)
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123important feature, suggesting that the thin ﬁlms are defect-
free [10]. The BMO thin ﬁlms heat-treated in the MW oven
emitted practically no PL. The PL property is associated
with the history of thermal treatment and the metallic
cations in the ﬁlms, and thus, with the crystalline structure.
Many authors attribute the PL property in scheelite-type
materials to the MoO4
2- cluster and its possible interme-
diary states (MoO4OMoO3, MoO4OMoO4). Hence,
it is reasonable to suppose that metallic cations such as
Ca
2+,S r
2+, and Ba
2+, which are lattice-modifying agents,
also affect the PL property [5–7, 14]. Our group is engaged
in studies aimed at shedding further light on the relation
between luminescent properties and metallic cations, based
on theoretical calculations, and our ﬁndings will be
published when they become available.
Conclusions
The crystalline scheelite-type phase was conﬁrmed in the
BMO, SMO, and CMO thin ﬁlms using the aforementioned
characterization techniques. Processing thin ﬁlms by CPM
proved efﬁcient and involved little cost, since this method
does not require expensive equipment or reagents, depo-
sition in high vacuum chambers or special atmospheric
control. The mass, size, and basicity of the A
2+ cation was
found to be dependent on the intrinsic characteristics of the
materials. Our ﬁndings suggest that both the morphology
and the PL of the material are affected by variations in the
cations (Ca, Sr, or Ba) and in the thermal treatment. These
results conﬁrmed that AMO thin ﬁlms are highly promising
candidates for PL applications.
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